Synaptic dysfunction is a core deficit in Alzheimer's disease, preceding hallmark pathological abnormalities. Resting-state magnetoencephalography (MEG) was used to assess whether functional connectivity patterns, as an index of synaptic dysfunction, are associated with CSF biomarkers [i.e., phospho-tau (p-tau) and amyloid beta (A␤42) levels]. We studied 12 human subjects diagnosed with mild cognitive impairment due to Alzheimer's disease, comparing those with normal and abnormal CSF levels of the biomarkers. We also evaluated the association between aberrant functional connections and structural connectivity abnormalities, measured with diffusion tensor imaging, as well as the convergent impact of cognitive deficits and CSF variables on network disorganization. One-third of the patients converted to Alzheimer's disease during a follow-up period of 2.5 years. Patients with abnomal CSF p-tau and A␤42 levels exhibited both reduced and increased functional connectivity affecting limbic structures such as the anterior/posterior cingulate cortex, orbitofrontal cortex, and medial temporal areas in different frequency bands. A reduction in posterior cingulate functional connectivity mediated by p-tau was associated with impaired axonal integrity of the hippocampal cingulum. We noted that several connectivity abnormalities were predicted by CSF biomarkers and cognitive scores. These preliminary results indicate that CSF markers of amyloid deposition and neuronal injury in early Alzheimer's disease associate with a dual pattern of cortical network disruption, affecting key regions of the default mode network and the temporal cortex. MEG is useful to detect early synaptic dysfunction associated with Alzheimer's disease brain pathology in terms of functional network organization.
Introduction
"Mild cognitive impairment (MCI) due to Alzheimer's disease" refers to the symptomatic predementia phase of Alzheimer's disease. The likelihood that MCI is due to Alzheimer's disease is strongly influenced by biomarkers. Accordingly, patients with MCI who progress to Alzheimer-type dementia will likely show positive biomarkers of both amyloid-beta (A␤) deposition and tau-related neuronal injury (Albert et al., 2011) . Low levels of CSF A␤42 peptides indicate increased A␤ deposition in the brain and high levels of CSF tau protein derived from damaged neuronal microtubules are considered reliable biological markers of Alzheimer's disease and predictors of MCI converters (Vlassenko et al., 2012) . In particular, the phosphorylated form of tau or "phospho-tau" (p-tau) appears to provide a high specificity in the diagnosis of Alzheimer's disease compared with total tau (Andreasen et al., 2003) .
Increasing evidence indicates that synaptic dysfunction is a core deficit in Alzheimer's disease, preceding hallmark pathological abnormalities (Kim et al., 2013; Grandjean et al., 2014) . Soluble A␤ oligomers and tau fibrillar lesions affect synaptic plasticity and cause synaptic loss, leading to impairment of neural networks involved in memory and cognition. For this reason, MCI and Alzheimer's disease are best characterized as a disruption of functional and structural integration of neural systems rather than as regionally localized abnormalities Klupp et al., 2014; . Magnetoencephalography (MEG) is a neurophysiological technique able to measure neural activity (i.e., postsynaptic potentials) directly and noninvasively with a high temporal resolution (Stam, 2010; Canuet et al., 2012) . Therefore, MEG is suitable for measuring brain dynamics and synaptic dysfunction in cognitive disorders using functional connectivity.
To date, little is known about whether the levels of p-tau and A␤42 in the CSF are associated with the disruption of brain functional networks in patients with MCI. In this study, we used MEG to determine biomagnetic patterns of resting-state functional connectivity associated with abnomal CSF levels of p-tau and A␤42 in patients with MCI. We also aimed to determine an association between these patterns and structural connectivity abnormalities and the convergent impact of neuropsychological scores and CSF variables on network disorganization. We hypothesize that the CSF levels of both p-tau and A␤42 would cause synaptic disruption and thus impair the organization of anatomofunctional brain networks that leads to cognitive impairment.
Materials and Methods
MEG recordings were obtained from 12 patients with MCI (mean age: 69.42 Ϯ 8.19; female: n ϭ 10), recruited from the Ramó n y Cajal Hospital in Madrid, Spain. All of them were right-handed. MCI diagnosis was made according to the National Institute on Aging-Alzheimer Association (NIA-AA) clinical criteria (Albert et al., 2011) . In addition to clinical features, evidence of amyloid deposition and/or neuronal injury as indicated by CSF biomarkers was used to diagnose these patients with MCI due to Alzheimer's disease as intermediate or high likelihood and MCI converters. With regard to neuronal injury biomarkers, we focused on CSF p-tau protein because it is considered to be more specific to Alzheimer's-type dementia compared with CSF total tau (Andreasen et al., 2003) .
p-tau and A␤42 levels in the CSF were measured using ELISA following supplier recommendations (Innotest; Innogenetics). Cutoff points were obtained by our laboratory and sent to the Alzheimer's Association Quality Control Program Work Group blindly to clinical or neurophysiological data (Mattsson et al., 2013) . For each CSF biomarker, patients were divided into CSF-abnormal (biomarker positive) and CSF-normal (the biomarker-negative) group. Those with CSF levels of p-tau Ͼ60 pg/ml and A␤42 Ͻ485 pg/ml made up the CSF-abnormal group for the corresponding biomarker. Otherwise, they were included in the CSFnormal group. Neuropsychological assessment included the Clinical Dementia Rate (CDR), the Mini Mental State Examination (MMSE), and the immediate and free recall tests of the 7 Minute Screening Neurocognitive Battery (7MS).
MEG recordings were acquired with a 306-channel Vectorview system (Elekta-Neuromag). Patients were in an awake, resting state with their eyes closed. For each subject, 5 min task-free data were recorded. The sampling frequency applied was 1000 Hz. Recordings were filtered offline and corrected for head movements with a temporal signal space separation with movement compensation (tsss-mc) method (Maxfilter 2.2 software). Analyses were performed for alpha (8 -12 Hz)-, beta (12-30 Hz)-, and gamma (30 -45 Hz)-frequency bands based on evidence for a role of alpha-band connectivity in the diagnosis of MCI and the significance of alpha-, beta-, and gamma-frequency bands to resting-state global network function (Hipp et al., 2012) .
The scalp and cortex surface were extracted from each subject's MRI volumes and imported into Brainstorm (http://neuroimage.usc.edu/ brainstorm), the open-source software used for source reconstruction and connectivity analysis (Tadel et al., 2011) . The cortex surface was divided into 88 regions of interest (ROIs) based on the Brainstorm default atlas. The source activity for each subject and frequency band was computed using the weighted minimum norm estimation with the default settings on Brainstorm. For the cortex, the source activity obtained was projected onto the default anatomy of Brainstorm. After source map projection onto the default anatomy, the time series of cortical ROIs were extracted.
The phase-locking value (PLV) algorithm was used to measure functional connectivity between all pairs of regions (88 ϫ 88) for each frequency band (Lachaux et al., 1999) . Phase synchronization measures are based on the hypothesis that the difference of phases between two phaselocked systems must be nonuniform, so the degree of nonuniformity must be a good estimator of the coupling level. For analysis, first, data were band-pass filtered using a zero-phase distortion finite impulse response filter with a bandwidth of 2 Hz. Then, the complex analytic signal from each of the brain regions was obtained by using the Hilbert transform (for details, see Pereda et al., 2005) . Subsequently, the PLV between the time series x(k) and y(k) from two brain regions is defined as follows:
where N is the length of the time series, and ø x (k) (resp. ø y (k)) is the phase of x(k) (resp. y(k)). Finally, the PLVs were averaged for each frequency band. Hippocampal volumes were measured as anatomical evidence of the degree of brain atrophy that characterizes MCI (Albert et al., 2011) . A high-resolution T1-weighted MRI was acquired for each subject with a Philips 1.5 tesla MRI scanner using a fast-field echo sequence. Freesurfer software (version 5.1.0) and its specialized tool for automated subcortical segmentation were used to segment the subject's T1-weighted volume into different regions. Finally, hippocampal volume was normalized with the overall intracranial volume to account for differences in head volume over subjects.
Diffusion tensor images (DTIs) were obtained using a linear leastsquares approach in FSL-FDT and several scalar images representing the shape of the diffusion tensor were obtained: fractional anisotropy, mean diffusivity, radial diffusivity, and axial diffusivity. Images with b ϭ 0 s/mm 2 (i.e., b 0 images) were realigned to brain extracted T1-weighted images using an affine linear transformation in FSL-FLIRT, with mutual information as cost function and nearest neighbor interpolation. Linear affine transformations followed by nonlinear local deformations using FSL-FNIRT were applied to normalize brain-extracted T1-weighted images into the MNI brain template of 1 mm 3 isotropic. Transformations were concatenated and applied inversely to transform the JHU white matter tractography atlas (Hua et al., 2008) into the diffusion subjectspecific space. The tracts of interest included the anterior thalamic radiation, corticospinal tract, cingulum, hippocampal cingulum, forceps major and minor, inferior fronto-occipital fasciculus, superior longitudinal fasciculus, inferior longitudinal fasciculus, and uncinate fasciculus.
For statistical analyses, based on the non-Gaussian distribution of the MEG data, connectivity results were compared between the CSFabnormal and CSF-normal group for each biomarker using the Mann -Whitney U test. A total of 5000 permutations were used to correct for multiple comparisons. The neuropsychological scores were correlated with the values (PLVs) of the functional connections found significantly different between groups and with the CSF levels of each biomarker using Spearman correlation coefficient (uncorrected). For an integrative approach of the impact of neuropsychological scores and CSF variables on neural function, multivariate regression models were built, with these variables acting as predictors and the functional connections as the dependent variables. For DTI analysis, average values within the 20 atlas tracts for the scalar images were obtained and statistical group comparisons were performed using an unpaired t test. The correlation between PLVs and the fractional anisotropy values of the significantly different tracts was measured using Spearman correlation coefficient (uncorrected).
Results
Demographic and clinical characteristics of the patients are shown in Table 1 . There were no differences in age, cognitive scores, or hippocampal volumes across groups. Abnormal CSF p-tau and A␤42 levels were found in seven and eight patients, respectively. Five of them were positive for both biomarkers at the time of the study. Four MCI patients converted to Alzheimer's disease during the follow-up period of 2.5 years. These patients showed low levels of A␤42 and high levels of p-tau in the CSF.
p-tau
Patients with abnormal CSF p-tau levels showed an abnormal pattern characterized by decreased functional connectivity between the right posterior cingulate cortex and paracentral lobule in alpha band, the right orbitofrontal cortex and contralateral calcarine area in the beta band, and the right paracentral lobule and lingual cortex in the gamma band. Increased connectivity was observed between the right supplementary motor area and the contralateral cuneus in the alpha band. In addition, there was increased intrahemispheric connectivity between the right anterior cingulate cortex and medial temporal area in the beta band and between the right middle frontal cortex and anterior temporal area in the gamma band (Fig. 1, Table 2 ).
A␤42
Patients with abnormal CSF A␤42 levels exhibited decreased functional connectivity between right temporal areas and several cortical regions of the frontal, parietal, and temporal lobes compared with patients with normal CSF levels. Decreased alpha connectivity was found between the right posterior cingulate cortex and the ipsilateral middle temporal cortex, as well as between the right medial temporal and left superior parietal cortex. In the beta band, there was decreased connectivity between the right inferior temporal cortex and the ipsilateral precentral area. These areas also exhibited decreased connectivity in the gamma band. In addition, a decrease in gamma connectivity was found between the right superior temporal cortex and the contralateral anterior temporal area. Abnormal CSF A␤42 levels were also linked to a hyperconnectivity pattern. There was an increase in functional connectivity of the right medial-superior frontal cortex with the right fusiform area in the beta band (Fig. 2, Table 2 ).
Cognitive scores
An increase in beta connectivity between the right anterior cingulate cortex and the ipsilateral medial temporal cortex showed a negative correlation with the MMSE score (r ϭ Ϫ0.79; p ϭ 0.003) and the free recall score (r ϭ Ϫ0.67; p ϭ 0.023) in patients with abnormal CSF p-tau levels relative to those with normal levels. In addition, a decrease in interhemispheric connectivity between the right posterior cingulate cortex and paracentral area correlated positively with the immediate recall score (r ϭ 0.72; p ϭ 0.012). In the CSF-abnormal A␤42 group, a positive correlation was found between the MMSE score and decreased beta connectivity between the inferior temporal and precentral cortex (r ϭ 0.77; p ϭ 0.005). A correlation analysis of cognitive scores and CSF biomarkers revealed that only the MMSE score correlated with the CSF levels of both p-tau (r ϭ Ϫ0.68; p ϭ 0.021) and A␤42 (r ϭ 0.82; p ϭ 0.002). To explore the convergent impact of cognitive scores and CSF values on brain functional connectivity, we performed multivariate regression analysis with the significant connections as the dependent variables (Table 2) . We found that the CSF levels of the biomarkers predicted most of the aberrant functional connections seen in these MCI patients. In addition, the free recall score showed a predictive value for intrahemispheric anterior cingulate-medial temporal connectivity, whereas the MMSE score predicted functional connectivity between the inferior temporal and precentral cortex.
Correlation between functional connectivity and structural connectivity
The correlation analysis of the significant functional connections and structural connectivity measures revealed that the decrease in alpha synchronization between the right posterior cingulate and left paracentral lobule mediated by p-tau correlated positively with the fractional anisotropy value of the right hippocampal cingulum (r ϭ 0.81; p ϭ 0.003). This fractional anisotropy reduction correlated with CSF p-tau levels (r ϭ Ϫ0.70; p ϭ 0.016). There was no significant correlation between fractional anisotropy and cognitive scores.
Discussion
In this study, we assessed whether functional connectivity patterns were associated with CSF biomarkers (i.e., p-tau, and A␤42 concentrations) in patients with MCI due to Alzheimer's disease. In addition, we evaluated the relationship of the aberrant functional connections with structural connectivity abnormalities and cognitive deficits. Patients with p-tau pathology had reduced functional connectivity affecting limbic structures such as the posterior cingulate and the orbitofrontal cortex, as well as medial parietal areas, in particular the paracentral lobule (Fig. 1) . CSF p-tau levels predicted abnormalities specifically in the alpha-and beta-frequency range (Fig. 1, Table 2 ). It is well established that tau hyperphosphorylation is associated with intracellular aggregation of neurofibrillary tangles and Alzheimer's-disease-related neurodegeneration (Vlassenko et al., 2012; van Rossum et al., 2012). Recent evidence suggests that, even in the preclinical stage of Alzheimer's disease, limbic structures are affected by tau pathology. There is also evidence that limbic dysfunction involves primarily the entorhinal cortex and then spreads to the parietal cortex (Khan et al., 2014) and inferior frontal areas, including the orbitofrontal cortex (Serrano-Pozo et al., 2011) . This phenomenon is thought to be due to synaptic loss and trans-synaptic spread of pathological forms of tau through brain circuits involved in learning and memory formation (Spires-Jones and Hyman, 2014), which can explain the typical cognitive deficits seen in MCI due to AlzheimerЈs disease. Interestingly, the reduced functional connectivity of the posterior cingulate cortex mediated by p-tau correlated positively with impaired axonal integrity of the ipsilateral hippocampal cingulum, as indicated by a significant decrease in fractional anisotropy (Fig. 1c) . This supports the notion that the disruption of anatomical networks influences brain organization at the functional level, resulting in the manifestations of MCI syndrome . Consistent with this finding, an investigation performed by Amlien et al. (2013) , in which CSF biomarkers were also used, revealed regional white matter loss in the right hippocampal cingulum in association with tau pathology. Together, these results and ours suggest a strong relationship among synaptic dysfunction, axonal disintegration in limbic areas, and tau pathology as key pathophysiological mechanisms involved in MCI due to Alzheimer's disease.
In addition to decreased functional connectivity, patients with abnormal CSF p-tau levels also showed a hyperconnectivity pattern affecting mainly the anterior cingulate and medial temporal cortex (Fig. 2b) , which was predicted by the free recall score (Table 2). Therefore, this increase in connectivity affecting the anterior cingulate cortex may reflect a pathological activity that exerts a negative impact on cognition, particularly on memory function, and may increase the risk of conversion to Alzheimer's disease .
A reduction in CSF A␤42 levels was associated with decreased functional connectivity of the posterior cingulate cortex and neocortical temporal regions. The lateral parietal and medial temporal regions were also involved. Disrupted connectivity of the inferior temporal cortex in the beta band was predicted by the MMSE score. The posterior cingulate and lateral parietal cortex are key regions of the default mode network, a brain circuit typically active during rest, the structures of which are vulnerable to A␤ deposition (Sheline et al., 2010; Li et al., 2013) . Consistent with our findings, fMRI and PET studies demonstrated that A␤ plaques disrupt resting-state connectivity within the default mode network (Sheline et al., 2010; Drzezga et al., 2011) and in the lateral temporal cortex, including inferior temporal areas (Carbonell et al., 2014) , in preclinical Alzheimer's disease and MCI.
We also noted a decrease in connectivity of the medial temporal cortex associated with the A␤42 biomarker. This cortical area is thought to have a low A␤ burden, particularly in early stages of the disease (Serrano-Pozo et al., 2011) . However, the spatial distribution of A␤ deposition and its effect on hippocampus function during the course of dementia is still a matter of debate. Therefore, although a direct toxic effect of A␤ plaques on medial temporal structures cannot be ruled out completely, this decrease in connectivity could be mediated by connectional diaschisis (Campo et al., 2012) . This phenomenon explains that the intimate anatomo-functional relation between regions showing amyloid accumulation and the hippocampus might affect the ability of this area to establish close communication with other brain regions, resulting in connectivity reduction and consequently in a reduced neuronal input from those regions. Consistent with this assumption, a recent report using CSF biomarkers also suggested an association between decreased CSF A␤42 and decreases in fMRI functional connectivity in the posterior cingulate and medial temporal cortex in MCI and Alzheimer's disease (Wang et al., 2013) .
We found that A␤-related hypersynchronization in this study was characterized by the involvement of prefrontal connections. Because this abnormality showed no association with cognitive deficits and the prefrontal cortex is thought not to be affected early in Alzheimer's-type dementia, this increased connectivity might be linked to a compensatory mechanism. This would be in agreement with evidence indicating that patients with Alzheimer's disease use additional neural resources in prefrontal cortex, presumably those mediating executive functions, to compensate for losses attributable to the degenerative process of the disease (Grady et al., 2003) .
Overall, our results should be considered as preliminary based on the small sample size of MCI patients. Nevertheless, this study indicates that CSF abnormal levels of p-tau and A␤42 in early Alzheimer's disease are associated with cortical network disruption involving desynchronization and hypersynchronization of key regions of the default mode network; for example, the anterior and posterior cingulate cortex and specific temporal and frontal areas. This dual pattern could represent two sides of a disrupting network that loses equilibrium, leading to cognitive impairment. Upon confirmation of these findings, MEG may potentially be used as a tool to detect early synaptic dysfunction associated with Alzheimer's disease brain pathology in terms of functional network organization.
